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Abstract

Emissions from ships in and surrounding ports are a major contributor to urban air pollution in
coastal and inland riverside cities. Connecting docked ships to onshore grid electricity and using electric
tugboats are two approaches to reduce pollution damages. This paper examines the effects of widespread
adoption of electrification in waterborne shipping. Our study is novel in the use of an equilibrium model of
the U.S. energy system to capture the effects of increasing electricity generation to electrify waterborne
shipping both with and without a carbon pricing policy. We examine three scenarios—Electrifying in Ports,
Electrifying in Emission Control Areas, and Electrifying all U.S. vessel fuels—as well as an electrification
scenario under carbon pricing, allowing electrification of waterborne shipping to contribute to deeper de-
carbonization. We find that electrification results in slight carbon emissions reductions in early projected
years, and that the reductions increase as the electric grid evolves out to 2050. We also show that an ambi-
tious scenario of electrifying all U.S. fuels results in up to 65% net reduction in air pollution as we approach
2050, even after accounting for the pollution increase from grid generation. Our baseline results indicate
that intensive waterborne shipping electrification can provide considerable social benefits that exceed the
costs, especially as the electric grid decarbonizes.
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1 Introduction

The waterborne transportation sector is essential for global trade, but it also strongly contributes to
CO; emissions and local air pollution.’ Vessels can be among the dirtiest emitters, as they often are burn-
ing low-grade fossil fuels.*® Thus, people living or working near ports can be adversely impacted by air
pollution, facing premature mortality and increased hospital visits for respiratory, heart, and lung dis-
eases.”® In response to these local health concerns, there has been policy action intended to reduce emissions
in the areas around ports in the United States, including Emission Control Areas (ECA), the Diesel Emis-
sions Reduction Act (DERA), and Congestion Mitigation and Air Quality Improvement (CMAQ) pro-
grams.®

There has been considerable policy discussion in recent years about electrifying port activities us-
ing onshore grid power. For example, vessels can plug into the onshore electric grid while docked, and
electric tugboats can be used for maneuvering into ports and then plugged into the onshore grid. Other
activities can be electrified too, such as cargo handling equipment and short-haul vehicles. Waterborne
shipping electrification has been discussed as having great potential to shift pollution from ports (both in-
land and coastal) and waterways in populated areas to lower-polluting power plants in more remote loca-
tions. This policy is already being implemented in a limited way in several ports. For example, Long Beach
and Los Angeles both have limited electrification programs for ocean-going vessels.'%!! Whether there is a
net reduction in emissions from electrification depends on the emissions intensity (both carbon and local
air pollutants) of the fuels used in shipping versus the electricity grid. Hence, a cleaner electric grid raises
the likelihood of a net reduction.

This paper uses the well-known National Energy Modeling System (hereafter Yale-NEMS) as the
primary research tool. Yale-NEMS is the U.S. Energy Information Administration (EIA)’s NEMS model
run on a server at Yale with minor changes made for our analysis (e.g., adding electricity consumption by
ships from the onshore grid to reflect the current status of waterborne shipping electrification). We address

two main questions in our analysis: (1) would electriying waterborne vessels lead to lower net emissions of



CO; and local air pollutants in realistic scenarios of the future energy system, and (2) what are the associated
benefits and costs? We examine three waterborne shipping electrification scenarios in the U.S. energy sys-
tem: (1) electrifying auxiliary power for vessels docked in ports; (2) electrifying auxiliary and primary
engine fuels within the extended areas from the ports (e.g., through additional electrified tugboats); (3)
electrifying all vessel fuels accrued to the U.S. energy system (e.g., perhaps someday through vessels with
electric storage). In this study, we focus on electrifying the vessels themselves, as these are the largest
source of emissions from ports,® but we note that deeper decarbonization could require electrifying all port
activities.

Our work is novel in several ways. It is the first study that explicitly models the effects of water-
borne shipping electrification into the future using realistic projections of how the future electricity system
in different regions of the United States would evolve out to 2050. Importantly, we examine scenarios with
and without carbon pricing, allowing us to make full use of the capabilities of Yale-NEMS. This paper is
also the first study to explore more intensive electrification of waterborne shipping. As policymakers con-
sider deeper decarbonization across nearly all sectors of the economy, it is important to understand the
effects of such intensive electrification scenarios with carbon pricing.*

Yale-NEMS is a supply-demand general equilibrium model of the U.S. energy markets (interacting
with international energy markets), subject to a set of current policies, resource constraints, and technolog-
ical advancement. Continually developed by the U.S. EIA, the model has a broad geographic scope, detailed
modeling of the energy markets, and comprehensive inclusion of existing policies.*® Importantly for our
study, Yale-NEMS has an established link between the electricity generation and waterborne shipping.
While no model is perfect, the NEMS platform is a deeply vetted, comprehensive platform for modeling
U.S. energy markets and policies.**

Our study has clear policy implications. To date, 16 ports in the United States can supply electricity
to vessels at berth.!! Nevertheless, even in these 16 ports, there is no national requirement that vessels are
powered by onshore electricity, and indeed not all vessels take advantage of the electrification. This state
of affairs has contributed to California’s recent “Shore Power Regulation,” which requires 80% of vessel
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visits to connect to onshore electricity starting in 2020.%° In addition, while it is unclear whether and when
there will be an economy-wide carbon policy in the United States, our analysis is designed to provide in-
sights into the emissions in a future deeper decarbonization scenario of waterborne shipping electrification

under carbon pricing.
2 Literature Review

Reducing fossil fuel consumption from ports has been of growing interest in recent years.**8 To
achieve the goal environmental sustainability, port authorities and policymakers have been implementing
technological and organizational innovations, such as optimizing port operations,**2* adopting new tech-
nologies,?>2” and using cleaner fuels (i.e., renewable energy, liquefied natural gas, and biofuel).?®3! There
has also been a transition towards the electrification of port activities using onshore grid.” Studies have
examined the effect of electrifying vessels at berth (also called cold-ironing, alternative marine power, on-
shore power supply, or shoreside power) on emissions.®>3 Other diesel-powered port-related cargo han-
dling equipment, e.g., quay cranes, automated guided vehicles (AGV), and heavy-duty vehicles, can also
be electrified to achieve deeper emissions reductions.®-4

This paper contributes to the literature of waterborne transportation decarbonization. In related
work, Vaishnav et al.*® use a mixed-integer linear programming model to determine the optimal number of
ships and berths to be electrified to maximize net benefits. While Vaishnav et al. provide important insights
into the net benefits of near-term relatively modest waterborne shipping electrification policies, our paper
differs in examining more intensive electrification policies over a longer time frame (out to the year 2050).
Our work is also distinct in that we examine how potential long-term projections of the source of the gen-
eration in the electricity grid (both with and without carbon pricing) could influence the net impacts of
waterborne shipping electrification going forward, rather than using historical electricity prices and emis-
sions. Earlier studies, such as the 2004 Port of Long Beach study, also provide useful information, but are

dated and do not attempt to look at the broader implications of electrification.



This paper also contributes to the growing literature harnessing the well-known National Energy
Modeling System (NEMS). To date, NEMS (including Yale-NEMS) has been widely used to evaluate en-
ergy and environmental policies and market development in the U.S., such as abundant natural gas sup-
ply,**" Renewable Portfolio Standards,*®->! cap and trade and carbon pricing,>® improved energy effi-
ciency,® %8 and the role of U.S. energy in the global market.>® To our knowledge, this paper is the first to

tackle the electrification of waterborne shipping using a version of NEMS.
3 Methods

To quantitatively estimate the effects of waterborne shipping electrification on net emissions in the
long run, we need a model that simulates waterborne shipping and its interaction with electricity supply.
We also require a model that provides the outputs of interest with sufficient spatial granularity. The Yale-
NEMS platform is ideally suited to help us answer the research questions. Yale-NEMS is a widely-used
large-scale general equilibrium model for the U.S. energy system, consisting of all primary demand and
supply sectors, such as an electricity market module and a transportation sector module that models water-
borne shipping.* Yale-NEMS projects energy market equilibrium production, consumption, imports, con-
version, and prices from the present to 2050 and incorporates relevant macroeconomic, technology, re-
source availability, behavior choice, policy, and demographic constraints. The model also projects CO,,
SO, and NOx emissions based on fossil fuel consumption and fuel-specific emissions factors.®

An advanced feature of Yale-NEMS is that it provides a reliable framework representing the com-
plex interactions of energy sectors and technological improvement over time in the U.S. energy system.*®
Yale-NEMS also can simulate the market outcomes responding to a wide variety of alternative assumptions
and proposed policies. For example, power plants in the electricity market module endogenously select the
fuel technologies through cost minimization to generate electricity to meet the demand increase from elec-
trification in the waterborne shipping sector. One limitation of Yale-NEMS is that the electricity market
module accounts for detailed factors such as intertemporal operational constraints and interannual variabil-

ity of renewable resources in a simplified reduced-form manner, following the state-of-the-art for long-run



energy system models. This implies that any short-run projections will not be quite as accurate as detailed
electricity dispatch models.®*% However, our research question focuses on the long run. See Supporting

Information for the modeling details of Yale-NEMS and our post processing.
3.1 Scenarios
3.1.1 Reference Case

The reference case is based on EIA’s 2017 Annual Energy Outlook (AEO2017). The AEO2017
reference case projects the U.S. energy market and environmental variables out to 2050. The reference case
aims to incorporate all current energy and environmental policies at the state and federal levels until their
sunset dates, such as the Regional Greenhouse Gas Initiative (RGGI), Cross State Air Pollution Rule
(CSAPR), California Assembly Bill 32: California Global Warming Solutions Act of 2006 (AB32), Mer-
cury and Air Toxics Standards (MATS), and Corporate Average Fuel Economy (CAFE) standards set by
the Obama Administration. Any rulemakings expired or newly proposed but not yet implemented are not
included in the AEO2017 reference case.

There are two published projections in AEO2017. One includes the Clean Power Plan (CPP), and
the other excludes it. The CPP was finalized by the Obama Administration in 2015, and it required states
to reduce carbon emissions from the power sector by 32% on average below the 2005 level by 2030.%
However, the Trump Administration has halted implementation of the CPP and has proposed a replacement
rule that most analysts say will lead to few, if any, emissions reductions.®® Thus, we use the AEO2017
without the Clean Power Plan as the reference case for this study.

AEQ02017 does not project out waterborne electricity consumption, so we create our projections
based on historical data of berthed vessels in the U.S. ports. We calculate the amount of electricity from the
grid consumed by vessels for each historical year up to 2016 and assume that it scales up based on total
energy consumption in all years going forward. We also include any policies that mandate the use of shore

power in future years, such as the “California Shore Power Regulation.” To prevent double-counting



electricity consumption, we subtract the added electricity used by vessels from commercial electricity de-

mand (see Supporting Information for the detailed steps).
3.1.2  Electrification Scenarios

We propose three electrification scenarios in this study and are the first to explore the more ambi-
tious second and third scenarios. Because the largest contributor of emissions (e.g., more than 50% of PM2s
emissions) is directly from the ships,® we focus on freight and passenger vessel electrification. All types of
ports are included in the analysis, including container, bulk, tanker, general cargo, and cruise ship terminals.
The first scenario, “Electrifying in Ports,” assumes that starting from 2019, waterborne vessels replace
increasing amounts of their in-port auxiliary engine fuel consumption (e.g., distillate oil, residual oil, and
natural gas) with onshore electricity (see Supporting Information for the linear formula used to switch fossil
fuels to electricity). After 2025, vessels replace all in-port auxiliary engine fuel consumption with electricity.
The six-year plan we model for implementing waterborne shipping electrification in all U.S. ports would
require major policy action, but seems plausible based on existing examples. For instance, the construction
of facilities for electrifying the Port of San Diego began in mid-2013 and was completed in February 2014.%
It took five years for the Port of San Francisco to implement shore-side electrification from breaking ground
in 2005 to operation in 2010.%” Our first scenario is the most modest scenario among the three. It follows a
trend towards electrification that has already begun, and it allows the vessel main engines to still be reliant
on fossil fuels.

Our second scenario is an intermediate case intended to uncover the effects of deeper electrification.
This scenario, called “Electrifying in ECA,” electrifies all of the primary and auxiliary fuels that are con-
sumed within the boundary of the North American Emissions Control Area (ECA), which consists of all
marine areas within 200 miles of the shoreline where all vessels (both inland and marine) are required to
use low-sulfur fuels (0.1% mass starting from January 1, 2015) or investing in abatement technologies.®®
This implies that ports use electric tugboats to take the ships out to the end of the ECA and/or that the

vessels can power their main and auxiliary engines using battery electric power for at least some number



of miles. As an example, the Port of Auckland in New Zealand is the first port already deploying full-size
electric tugboats to maneuver large ships outside the port area so that they do not have to turn on their main
engines.®

The ECA region is of particular interest to policymakers, as evidenced by the current policy, which
requires low-sulfur fuels within this area. However, our results scale with the distance from the port, so
these results also provide insight into a scenario where only some fuel use within the ECA is converted to
electricity. Just as in the first electrification scenario, we allow the fuel switch to gradually occur, starting
from 2019 and increasing to 2025 to make the scenarios comparable. From 2025, distillate oil, residual oil,
and natural gas consumption by waterborne shipping are entirely displaced by electricity in this scenario.

The third scenario, “Electrifying All U.S. Fuels,” models the thought experiment of a very ambi-
tious policy that involves dramatic electrification, consistent with deeper decarbonization of shipping. This
scenario electrifies all fossil fuels used by the waterborne shipping sector that are attributed to the U.S.
energy system, including fuels used to power shipping outside of the 200-mile ECA. This includes all en-
ergy consumed or loaded on ships within the borders of the United States. In the scenario, ships would have
to entirely electrify the main and auxiliary engines. Thus, there would have to be not only onshore electric
facilities and electric tugboats, but also large-scale adoption onboard batteries. This would only be possible
with a significant international effort, and thus we view this scenario as an upper bound on what might be
possible.”® As in the previous scenarios, we model vessels steadily switching to electricity from 2019 to
2025, and starting in 2025, full electrification is achieved. Note that the social benefits associated with
electrification in this scenario cannot be entirely attributed to the United States, because the potential emis-
sion reduction may occur far away from the U.S. shoreline. However, in all three scenarios, the electricity

used by waterborne shipping comes from onshore electricity generation in the United States.
3.1.3 Carbon Pricing Scenarios

We further implement two additional scenarios (“Carbon Pricing” and “Electrifying in ECA &

Carbon Pricing”), where a path of gradually increasing carbon prices is imposed on the whole economy.



While a future national carbon pricing policy is uncertain, we use this carbon policy and its interaction with
electrification as examples that illustrate potential policy implications. Similar to Gillingham and Huang,**
the carbon price path begins in 2020 at around $2 per metric ton of CO: in 2016 dollars and ramps up
linearly to $46 per metric ton of CO; in 2040. Subsequently, the price stays constant. As an alternative to
the same price for all ports or firms in each year, some countries have implemented or discussed stepwise
linear carbon taxation.” "2 One could see our carbon pricing scheme as the average price across all ports in
a region, which would permit stepwise linear taxes implemented at individual ports.

Note that the carbon price trajectory provides an illustrative example of what one modest carbon
price path could achieve. Notably, it is below the central case of the social cost of carbon (SCC) estimated
by the Obama Administration,” but it quickly rises above the estimates of the SCC currently in use by the

Trump Administration.”
3.2  Monetizing Benefits and Costs

This section illustrates the assumptions for estimating the benefits and costs associated with water-
boene shipping electrification. We monetize the social damages caused by pollutant emissions based on the
emissions results from Yale-NEMS and estimates of marginal damages from the literature. For CO, emis-
sions from the waterborne shipping and power generating sectors, we use the central path of the social cost
of carbon dioxide (SCC) estimates over time, which reflects the Obama Administration’s best effort to
develop a set of estimates.” Note that this is below the path of carbon prices needed for deeper decarboni-
zation.”™

For other local air pollutant emissions from the waterborne shipping and power generating sectors,
we calculate the total social costs by applying estimates of marginal damages per unit of air pollutant emis-
sion from Muller et al. ’® Note that these estimates come with large error bars.”” The impacts of air pollution
in these marginal damage estimates include adverse human health effects, reduced visibility, declined tim-
ber and agricultural yields, reductions in recreation services, and increasing material depreciation. We dis-

aggregate the projected Census division-level emissions to the county level based on the EPA National



Emission Inventory (NEI) 2014 data, and then apply them to the county-level marginal estimates to com-
pute the total damages (see Section 2 in Supplementary Information (SI) for details).

The change in fuel costs incurred by vessels after electrification may be a cost or benefit depending
on the efficiency of each fuel and the relative retail prices of the fuels. Yale-NEMS projects the retail prices
for distillate oil, residual oil, natural gas, and electricity. We calculate the total fuel costs of waterborne
shipping by multiplying the projected retail fuel prices and consumed quantities.

Electrification also requires retrofitting port berths and vessels, which is a cost in our scenarios.
EPA estimates that retrofitting one berth costs $0.5-2.5 million,'* and we assume that the retrofit cost is
$1.5 million/berth, which includes the costs for retrofitting the necessary electrical distribution network.*
There are 3,200 port berths in the U.S. serving deep-draft ships,” and we assume that these 3,200 berths
are steadily electrified from 2019 to 2025, following our scenario designs. We also assume that the operat-
ing and maintenance costs per electrified berth are $0.1 million per year.*

EPA estimates retrofitting an average vessel will cost around $0.5 million.** Of course, vessels are
heterogeneous, and some may be much more or less expensive to retrofit; here we take the average retrofit
cost for all vessels. Between July 2013 and December 2014, 3,300 vessels were called at U.S. ports.** We
assume that the total number of vessels increase over the years starting from 2014 at the growth rate of
projected waterborne fuel consumption in Yale-NEMS. We then assume the starting number of vessels in
2019 are modified gradually up to 2025, and the vessels newly added to the fleet are modified every year.

In the Electrifying in ECA scenario, the tugboats in place are assumed to be electrified as well. Note
that barges are not included in our analysis. We obtain the total number of tugboats registered in the United
States from U.S. Army Corps of Engineers (USACE). There are 5,809 tug-type workboats operating in the
United States in 2017 including both ocean-going and inland boats. Again, we assume that all the tugboats
are gradually electrified from 2019 to 2025. Since the actual sale prices for electric tugboats are not publicly
available due to confidentiality, we further assume that replacing a traditional diesel-powered tugboat with
an electric one costs $2.5 million on average based on the available evidence. We discuss this evidence and
present the details of estimating the cost of replacing a tugboat in Supporting Information. One caveat of
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our cost estimate for tugboat replacement is that we do not account for the fact that many of these boats
would have been replaced anyway as they aged out of their useful life, and thus our cost estimate is likely

to be an over-estimate.

4  Results

This section presents the primary results for energy consumption, carbon emissions, local air pol-

lutant emissions, and an illustrative cost-benefit analysis across the scenarios.

4.1 Energy Consumption

Figure 1 presents total energy consumption from waterborne shipping over time from different
fuels. We see that most energy used by vessels comes from distillate and residual oil in the reference case.
There has been a switch in recent decades from residual oil to distillate oil consumption in waterborne
shipping, primarily driven by policies, such as Annex VI of the 1997 MARPOL. In all three electrification
scenarios (without carbon pricing), from 2019 to 2025, the consumption of fossil fuels is gradually dis-
placed by electricity. The scenarios with carbon pricing lead to substitution from dirty fuels (e.g., residual
oil) to cleaner fuels (e.g., natural gas). Figures S2 and S3 in S| present energy consumption shipping type
(international and domestic) and port type (seaports and inland ports).

The electricity consumption by vessels is generated in the power sector from a variety of fuel
sources through cost minimization in Yale-NEMS. Figure S4 in SI shows that the increased electricity from
waterborne shipping electrification is mainly generated from natural gas and to a lesser extent from renew-

ables and coal.

4.2 Carbon Emissions

Figure 2 presents the net emissions of CO; in the entire U.S. energy system, both in levels and
differences between scenarios. We observe that CO, emissions in the scenarios without carbon pricing de-
crease until around 2030, and then increase to 2050. This occurs because around 2030, many of the envi-

ronmental policies in the U.S. sunset or do not impose further restrictions (e.g., California Global Warming
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Solutions Act of 2006 and the Regional Greenhouse Gas Initiative). This assumption should not change the
relative ordering across the scenarios in the later years, and it is the relative ordering that we care about the
most.

There are no significant CO, emissions reductions in the three electrification scenarios (without
carbon pricing) in the early years, and starting from 2035, CO, emissions reductions decline as the electric
grid evolves. In 2050, the decline is 0.05% (2.71 million metric tons (Mt)) in the Electrifying in Ports
scenario, 0.3% (16.33 Mt) in the Electrifying in ECA scenario, and 0.4% (21.38 Mt) in the Electrifying All
U.S. Fuels scenario compared to the reference case. The CO; emissions reductions are primarily due to
increases in coal- and natural gas-generated electricity and the associated transmission losses.

Figure 2 also displays energy-related CO; net emissions with a carbon pricing policy (dashed lines).
Relative to the reference case in 2050, the stand-alone Electrifying in ECA scenario and Carbon Pricing
scenario lead to 16.33 Mt and 1,021.11 Mt CO;emissions reductions, respectively. However, the combined
Electrifying in ECA and Carbon Pricing scenario results in 1071.65 Mt CO; emissions reductions (relative
to the reference case), which is larger than the sum of individual policy impacts, which is 1,037.44 (16.33
+ 1021.11) Mt. In addition, the Electrifying in ECA scenario under Carbon Pricing leads to higher CO,
emissions reductions (50.54 Mt) than the reference case without Carbon Pricing (16.33 Mt) in 2050. Car-
bon pricing results in a cleaner fuel souces for waterborne shipping electrification, and thus the combined
policies can achieve deeper decarbonization than the the sum of the reductions from carbon pricing or
electrification run separately. This finding of a complementarity in CO, emission reductions is useful for
policy and only possible because of our integrated modeling approach. Figures S5-7 in Sl present CO;
emissions disaggregated by shipping type, port type, and energy sector (waterborne shipping and electric

power).
4.3 Local Air Pollutant Emissions

Figure 3 presents the net emissions of local air pollutants (SO,, NOx, PM25, PM1o, and VOC). We

project these emissions for the waterborne shipping and electricity sectors only (see Section 1.3 in Sl for
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the details of the post-processing approach). Figure 3 shows the drastic decline of local air pollutants (e.g.,
S0O») in historical years, which was mainly driven by reduced coal-fired electricity generation. For the elec-
trification scenarios without carbon pricing (solid lines), we see significant declines in emissions relative
to the reference case because the dirty fuels used by vessels are replaced with electricity generated more
efficiently and from cleaner fuels at power plants.

Relative to the reference case in 2050, Electrifying in Ports leads to about a 8-13% decrease in
emissions across the pollutants, Electrifying in the ECA lowers emissions by 50%, and the Electrifying All
U.S. Fuels scenario results in up to 65% decline in local air pollutant emissions. One important caveat is
that the results for the Electrifying All U.S. Fuels scenario includes emissions over the oceans, so the emis-
sions reductions may not translate as directly into improvements in human health to the United States. The
carbon pricing scenarios (dashed lines) also show significantly lower local air pollutant emission levels due
to the net changes in fossil fuel use, adjusted by the carbon intensity of the fuels.

In contrast to CO-, we do not find a complementarity between carbon pricing and waterborne ship-
ping electrification for local air pollutants. This is primarily because carbon pricing indirectly affects local
air pollution through reduced energy use—so there is less potential for further local air pollution emission
reductions from shipping electrificaition when there is less energy use already in the waterborne shipping
sector due to the carbon pricing. Figure S8 in Sl presents the comparisons of local air pollutant emissions
between scenarios.

Figures S9-11 in Sl also present disaggregated results for local air pollutant emissions. Table S2
shows the comparisons of CO- and local air pollutant emissions between scenarios in 2050, and Table S3
contains a summary of major results of energy consumption and emissions between the waterborne shipping

and power sectors.
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4.4  Net Benefits
4.4.1 lllustrative Results of Cost-Benefit Analysis

Table 1 presents the illustrative calculations of the cumulative discounted costs and benefits of the
scenarios from 2019 to 2050. All monetary values are in 2016 U.S. dollars. We assume an annual discount
rate of 3%. The first column shows the comparison of the Electrification in Ports scenario to the reference
case, indicating net benefits of -$2.04 billion. Most of the benefits stem from decreased social costs due to
lower air pollutant emissions, however, the benefits are mostly offset by higher electricity prices from elec-
trification (electricity is more expensive than diesel or bunker fuel for shipping). Figure S12 in SI shows
the projected electricity prices out to 2050.

We see considerable positive net benefits of $101.67 billion in the Electrifying in ECA scenario
(the second column of Table 1). These positive net benefits stem from reduced social costs of local air
pollution despite a substantial increase in fuel costs and the capital/maintenance costs of the electrification.
If we simply divide the electrification capital costs by the CO, emission reductions, we find an average cost
of $77 per metric ton CO, emissions abated, which is less expensive than estimates of the cost needed for
deeper decarbonization (e.g., >$100 per metric ton of CO, emissions estimated in Dietz et al.).” The third
column of Table 1 show the costs and benefits associated with the Electrifying in ECA scenario compared
to the Carbon Pricing scenario, illustrating the effect of electrification under carbon pricing. The net bene-
fits ($99.75 billion) are still positive but smaller than the net benefits in the second column. This finding is
driven by expected higher fuel prices and lower saved social costs of local air pollutant emissions under
carbon pricing.

We do not present the net benefits results for the Electrifying All U.S. Fuels scenario, as many of
the emissions reductions occur far from the coast in the Pacific and Atlantic oceans, and we do not have a

sensible way to attribute these to areas in the United States.
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4.4.2 Spatial Heterogeneity in Reduced Social Costs of Emissions

Figure 4 shows a map with the changes in cumulative avoided social costs from 2019 to 2050 in
the two electrification scenarios compared to the reference case. We see that the social benefits from elec-
trification are primarily clustered in the regions along the coast and inland rivers. The counties that benefit
most from waterborne shipping electrification concentrate on the Northeast Coast, Gulf of Mexico, and
West Coast. The magnitude of the net benefits depends on where the ships travel, the population of the
regions, and the fuels used to generate electricity in these regions (it is not simply a function of where the
ports are). Figure S13 in Sl shows that including emissions from power plants does not alter the spatial
distribution of social benefits presented in Figure 4. It is out of the scope of this paper to present a detailed
cost-benefit analysis for individual ports, but our findings of the spatial effects can be used by for specific

ports which already have cost numbers in hand.
4.5  Sensitivity Analysis

We conduct a series of sensitivity analyses of our baseline results by varying the key assumptions:
(1) sensitivity to various electrification ramp-up periods, e.g., 2030 and 2035 (Figures S14 and S15 and
Table S4 in SI); (2) sensitivity to different assumptions about the value of SCC used in the cost-benefit
analysis (Table S5); (3) sensitivity to varying costs of electrification (Table S6); (4) sensitivity to the as-
sumption of cumulating avoided social costs in the U.S. county level (Figure S16); and (5) sensitivity to
the alternative assumption for estimating CO, emissions (Figure S17). Our results show that the baseline

results are not very sensitive to these alternative assumptions.

5 Discussion

This paper explores waterborne shipping electrification and how it can interact with an evolving
electric grid and a carbon pricing policy. Our results show that electrification can bring about significant
net social benefits from curbing local air pollutant emissions and contribute to deeper decarbonization out

to 2050. Moreover, we show that electrification along with economywide carbon pricing is complementary,
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leading to greater CO, emission reductions together than separately (although the opposite is the case for
local air pollutants).

Thare are several caveats worth mentioning. Yale-NEMS does not capture the latest International
Maritime Organization (IMO) rule 2020 that sets a 0.5% global sulfur cap for marine fuels (in non-ECA
regions) starting from January 1, 2020.5® Second, while we focus on electrifying vessels, other port activ-
ities can also be electrified.>*° Third, our analysis scope is restricted to ports in the United States (i.e., the
fossil fuels and electricity consumption attributed to the U.S. energy system), so transfering our quantitative
results to other regions should be treated cautiously. Lastly, we focus on electrification policy and do not
compare this policy to other technologies or policies, e.g., scrubbers and mandating ultra-low sulfur fuels.®
Future work could explore optimal policy design among additional available options.

There are important challenges to waterborne electrification. This paper simulates the impact of a
hypothetical electrification policy in the United States. To fully implement the policy, the associated tech-
nological barriers and requirements must be addressed, such as proper voltage, grid security, and power
system reliability.1”882 Thus, significant policy efforts would likely be required to carry out the electrifi-
cation policy, such as California’s “Shore Power Regulation,” or a government subsidy program.® As
deeper decarbonization of electricity becomes more likely, future work in this context can shed additional

light on how shipping electrification can be a critical puzzle piece in decarbonization efforts.
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Table 1: Cumulative net present values of the effect of waterborn shipping electrification. All values are
in billion 2016 US$

Electrifying in Ports vs  Electrifying in ECAvs  Electrifying in ECA & Carbon

Reference Reference Pricing vs Carbon Pricing
Fuel Costs -53.76 -137.56 -144.84
Port Retrofit Costs -10.21 -10.21 -10.21
Vessel Retrofit Costs -2.52 -2.52 -2.52
Social Costs of Carbon 2.56 13.24 22.43
Social Costs of Local Air Pollutants 61.89 252.02 248.18
Tugboat Costs 0.00 -13.29 -13.29
Total -2.04 101.67 99.75

Notes: The discount rate is assumed to be 3%. The cash flow includes the years from 2019 to 2050. The carbon tax revenues from the whole
economy are not reported. The fuel costs are the product of retail prices and quantities for four fuels, including distillate oil, residual oil, natural
gas, and electricity. These results are based on only the shipping and electric sectors; however, inclusion of the other sectors does not appear to
change these results in any notable way.
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Figure 1: Energy consumption by waterborne shipping in the United States
Notes: The carbon price in the carbon pricing scenarios begins in 2020 at approximately $2 per metric ton of CO, emissions in 2016 U.S. dollars
and increases linearly to $46 per metric ton of CO, in 2040. The carbon price remains constant after that. The vertical dotted line separates histor-
ical and projected data.
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Figure 2: Energy-related carbon dioxide emissions for the entire energy system in the United States
Notes: The CO, emission levels are shown in the left panel. The differences in emissions shown in the right panel represent the comparisons of
electrification scenarios (with carbon pricing) relative to the reference (with carbon pricing). The carbon price in the carbon pricing scenarios
begins in 2020 at approximately $2 per metric ton of CO, emissions in 2016 U.S. dollars and increases linearly to $46 per metric ton of CO; in
2040. The carbon price remains constant after that. The vertical dotted line separates historical and projected data.
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Figure 3: Energy-related local air pollutant emissions for the waterborne shipping and power sectors in
the United States

Notes: The emissions are from fossil fuel combustions in the waterborne shipping sector (distillate oil, residual oil, and natural gas) and the power
sector (coal, oil, and natural gas). Other sources of local air pollutant emissions are not counted. The carbon price begins in 2020 at approxi-
mately $2 per metric ton CO, in 2016 U.S. dollars and increases linearly to $46 per metric ton CO, in 2040. The carbon price remains constant
after that. The vertical dotted line separates historical and projected data.
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Figure 4: Cumulative discounted avoided social costs from reduced CO; and local air pollutant emissions

in the waterborne shipping sector
Notes: The local air pollutants included in the social cost estimations are SO,, NOy, PM_s, PMy,, and VOC. Carbon costs shown in Table 1 are
included as well, and assumed to be equally spread across all U.S. counties. The discount rate is assumed to be 3%. The cash flow includes the
years from 2019 to 2050. The size of the dots represents the level of avoided social costs, in which the yellow dots and texts indicate the ten

counties with the largest values.
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